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Abstract 
Modelling of hydrogen-induced stress-corrosion cracking (HISCC) has to consider coupling effects between the mechanical and 
the diffusion field quantities. Four main topics are addressed: i) surface kinetics, ii) diffusion, iii) deformation and iv) crack 
growth. Surface kinetics is realised by a chemisorptions model, hydrogen diffusion is formulated by an enhanced diffusion 
equation including effects of plastic deformation, deformation rate and hydrostatic pressure, deformation is described by von 
Mises plasticity, and crack growth is simulated by a cohesive model, where both yield and cohesive strength depend on the 
hydrogen concentration. The effect of atomic hydrogen on the local yield strength is modelled by the so-called HELP (Hydrogen-
Enhanced Localised Plasticity) approach, and the influence on the cohesive strength is taken into account by the so-called HEDE 
(Hydrogen-Enhanced DEcohesion) model. As the two models predict contrary effects of atomic hydrogen on the material 
behaviour, namely a decrease of the local yield strength resulting in larger plastic deformations and a reduction of the cohesive 
strength and energy inducing lower ductility, respectively, the coupling phenomena are studied in detail. The model is verified by 
comparing experimentally measured and numerically simulated CTOD R-curves of C(T) specimens.
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1. Introduction 
Stress corrosion cracking or, more general, environmentally assisted cracking is a major cause for failure of 
engineering components and structures [1-3]. Examples are  
• Hydrogen induced cracking of low-alloy and carbon steel pipelines in the oil and gas industry,  
• Failure of severely cold-worked duplex stainless steel production tubing due to galvanic coupling conditions to 
carbon steel casing in oil production systems,  
• Cracking of fasteners, corrosion fatigue of offshore structural steels in marine environments,  
• Failure of duplex stainless steel subsea systems and pipelines,  
• Hydrogen embrittlement of pre-stressed steel in the construction industry,  
• Hydride embrittlement of certain grades of titanium for nuclear waste containment systems.  
About 70 % of failures of high strength steel components in military aircraft have been attributed to hydrogen 
embrittlement and stress corrosion cracking. The occurrence of environmentally assisted cracking in a structure 
results from the combined action of mechanical loading and a chemically aggressive environment. It often occurs 
without any visible deformation of the material and is difficult, if not impossible, to detect in the early stages. One 
of the mechanisms leading to environmentally assisted cracking is the embrittlement of the material due to the 
uptake of atomic hydrogen from the environment. The hydrogen atoms are generated by corrosion, by galvanic 
interaction between dissimilar metals, by cathodic protection and by welding. They can enter the metal and diffuse 
and localise in regions of hydrostatic stress or are trapped at microstructural sites, e.g., grain boundaries, 
dislocations, and matrix–particle interfaces. Hydrogen induced cracking occurs when a critical combination of local 
hydrogen content, stress, strain and sensitivity of the microstructure to hydrogen degradation is reached.  
Hydrogen broadly and severely degrades the fracture resistance of high strength metallic alloys, and the 
toughness gained from metallurgical improvements is compromised by hydrogen embrittlement. Hydrogen reduces 
cleavage strength, adhesion strength and the resistance to shear slip. High levels of plane strain fracture toughness 
that are typical of such alloys are reduced by up to an order of magnitude due to hydrogen embrittlement [4]. The 
specific micromechanical nature remains equivocal and includes various mechanisms such as hydrogen enhanced 
localised plasticity (HELP) [5, 6] and hydrogen enhanced decohesion (HEDE) [7, 8], In general, cleavage of grain-
boundary carbides, adhesion failure or interface decohesion at grain-boundary carbides and precipitates, and crack-
tip shear slip along the grain boundary can be the mechanisms of hydrogen assisted intergranular cracking in steels 
[9]. 
Since there is no general analytical approach based on micromechanics and physical metallurgy, which would 
allow prediction of combinations of material and environment resulting in hydrogen induced stress corrosion 
cracking (HISCC), fracture toughness tests in corrosive environments on pre-cracked specimens are performed. The 
test techniques are to some extent standardised in guidelines provided by ASTM, ISO or NACE. Linear elastic 
fracture mechanics is used for incorporating HISCC into structural integrity concepts, and testing aims at 
determining the stress intensity threshold, Kth, and the crack growth velocity, da/dt. Since the hydrogen diffusion is a 
transient process, the crack-extension rate depends on the deformation rate [10]. For more ductile materials and in 
particular for thin sections, where the assumption of small scale yielding underlying the concept of linear elastic 
fracture mechanics may not be satisfied, elastic–plastic fracture mechanics is increasingly applied and parameters 
such as the J integral and the crack tip opening displacement (CTOD) represent the crack tip stress state [11].  
Modeling of HISCC will not only provide a better understanding of the involved mechanical and chemical 
processes and their interaction but will on a long term help to partly replace expensive and time-consuming 
experimental programs by simulations.  
 
Nomenclature 
a crack length 
C hydrogen concentration 
CL lattice hydrogen concentration 
CT trapped hydrogen concentration 
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DL diffusivity (diffusion coefficient) of lattice hydrogen  
Ds diffusivity of surface layer in sorption model 
F   Faraday’s constant 
ip permeation current density 
ka absorption rate 
kd desorption rate 
L thickness of metal sheet in permeation tests 
NA Avogadro number 
NL  lattice atom density 
NT  trap density 
R  universal gas constant 
T  absolute temperature 
t time 
VH  partial molar volume of hydrogen 
VM  molar volume of iron (“metal”) 
x coordinate 
z  valency number 
αL  number of interstitial lattice sites per solvent atom  
αT  number of hydrogen atom sites per trap 
Δa crack extension 
ΔHB  bonding enthalpy of traps 
ΔHs  segregation enthalpy 
δ5 crack tip opening displacement (CTOD) according to Schwalbe [39] 
δn  normal (mode I) separation in the cohesive model 
cδ  critical separation  
εp  plastic strain 
θL  occupancy of the available lattice sites  
θT  occupancy of the trap sites 
σh hydrostatic stress 
σn  normal (mode I) tractions in the cohesive model 
c
nσ  cohesive strength (mode I) 
c(0)
nσ  cohesive strength in air 
c(H)
nσ  cohesive strength affected by hydrogen 
0
Yσ  uniaxial flow curve in air 
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(H)
Yσ  uniaxial flow curve affected by hydrogen 
2. The HISCC Model 
Simulation of HISCC requires the modeling of hydrogen adsorption and diffusion, plastic deformation and 
ductile crack extension and their respective coupling, i.e. the interactions between mass transport and mechanical 
quantities. On the one hand, the equations for hydrogen absorption and diffusion have to account for the effects of 
mechanical field quantities, namely plastic strain and hydrostatic stress. On the other hand the effects of hydrogen 
have to be incorporated into the constitutive equations for plastic deformation and crack growth. The respective 
modelling approaches will be described in the following. As no general analytical approach based on 
micromechanics and physical metallurgy exists, the HISCC model is phenomenological and the equations 
describing the effect of hydrogen on plastic deformation and cohesive strength are purely empirical. For further 
details see [12, 13]. 
2.1. Surface kinetics 
The absorption of hydrogen in a material is the first modeling step. Commonly an equilibrium concentration, C0,  
following Sievert’s law is adopted, which is proportional to p
( ) ( )2s s a( , ) e cos sinmD tm m m mC x t Px Q A D x k xλ λ λ λ
∞
−
= + − +ª º¬ ¼¦
, the external pressure of the hydrogen–containing 
medium. This equilibrium concentration is assumed to be instantaneously available without any time delay. 
However, this neglects the transient character of the process. In addition, surface kinetics plays an important role 
reducing the effective diffusion coefficient by about 50 % due to an existing covering layer, as Juilfs [14] has shown 
by permeation tests for a low alloy steel. This requires a more detailed analysis of the boundary-layer phenomena. 
In permeation tests, hydrogen passes through a metal sheet of thickness L. At the entry side, the sheet is exposed 
to a hydrogen–containing medium under pressure p. The disequilibrium between the chemical potentials causes a 
mass flux through the material compensating the difference of potentials. Finally, the hydrogen escapes on the 
opposite side. The permeation consists basically of the sub-processes of dissociation of molecular hydrogen, 
adsorption of atomic hydrogen at the entry layer, absorption into and diffusion through the material, and finally 
adsorption from the material into the exit layer. These processes are described by the chemisorption model of Zhang 
and Zheng [15]. The authors consider special boundary conditions, in particular equal properties of the entry and 
exit layer, zero pressure and zero initial hydrogen concentration on the exit side. Balancing the fluxes and 
introducing Fick’s law of diffusion, they end up with an eigenvalue problem represented by a system of differential 
equations for the hydrogen concentration, C. The solution forms an infinite series,  
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where ka, kd are the absorption and desorption rate, respectively, Ds the diffusivity of the covering layer, and the 
eigenvalues, Ȝm, result from  
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The gradient of the hydrogen concentration yields the permeation current density measured in the tests,  
p ( )i t D zx
= −
∂ s
( , )C x t F∂
L T L L L T T TC C C N Nα θ α θ= + = +
6α =
, (5) 
where z is the valency number, which equals 1 for hydrogen, and F is Faraday’s constant. The model parameters 
ka, kd, and Ds, have been identified by a re-evaluation [12] of the permeation test data of Juilfs [14].    
2.2. Hydrogen diffusion 
Diffusion of atomic hydrogen in steel is described by an enhanced transportation model proposed by Sofronis and 
McMeeking [16]. The diffusion process occurs through transposition between interstitial sites within the lattice. 
Elastic lattice expansion due to hydrostatic stresses, σh, increases the solubility for atomic hydrogen [17], whereas 
inhomogeneities due to dislocations act as traps [18]. The model hence distinguishes between free lattice hydrogen 
and trapped hydrogen, which is not disposable in the lattice diffusion process  
 (6) 
where αL, αT denote the number of interstitial lattice sites per solvent atom and of hydrogen atom sites per trap, 
θL, θT the occupancy of the available lattice sites and of the trap sites, NL, NT the lattice atom and the trap density, 
respectively. Following Hirth [19], it is assumed that L  for bcc materials, i.e. diffusion via tetrahedral sites, 
and . The lattice atom density is calculated from the molar volume of iron and the Avogadro number [20], T 1α =
A
L
M
N
V
=
N
, (7) 
Oriani [18] derived a relation between lattice and trapped hydrogen based on the law of mass action, 
T L L L T L
T T T L T L
1
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1
C N C
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α θ θ
α θ θ
− −
= = −¨ ¸
− − © ¹
BHΔ§ · , (8) 
where ΔHB is the bonding enthalpy of traps for dislocations in α-iron.  
According to results of Juilfs [14], the dependence of the trap density on plastic strain, εp, is estimated by an 
empirical relation   
0.7
T T0 T1 pN N N ε= + . (9) 
Based on this discrimination between hydrogen in lattice and trap sites, Sofronis and McMeeking  [16] derived 
an enhanced diffusion equation and Krom et al. [21] introduced an additional term accounting for the plastic strain 
rate dependence,  
( ) ( ) pL L L H TL L h T
L p
d 0
d
C D C V ND C
C t RT t
ε
σ θ
ε
∂∂ § ·
− ∇ ⋅ ∇ + ∇ ⋅ ∇ + =¨ ¸∂ ∂© ¹
L T T1C C θ+ − , (10) 
where DL is the lattice diffusivity, VH the partial molar volume of hydrogen, R the universal gas constant, and T 
the absolute temperature. It accounts for the effect of mechanical quantities, namely hydrostatic stress, σh, plastic 
strain, εp, and strain rate, p p tε ε= ∂ ∂ , on the diffusion and has been implemented as a user supplied routine in the 
finite element (FE) code ABAQUS.  
ABAQUS does not provide a user interface for mass diffusion but allows for Fick’s equation only, which does 
not suffice for implementing eq. (10). As there is an option for thermo-mechanically coupled analyses, however, the 
analogous structure of Fourier’s equation of thermal conduction and the diffusion equation can be exploited, 
identifying the nodal temperature with lattice hydrogen concentration [12, 13]. Based on this analogy, the enhanced 
diffusion equation can and has be implemented as a user subroutine.  
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Eq. (10) describes one aspect of the coupling between mass transport and mechanical quantities, namely the 
dependence of the diffusion processes on stress and strain fields. Inversely, hydrogen atoms in the lattice affect 
strength and ductility of the material.  
2.3. The constitutive law 
The constitutive behavior is described by classical von Mises plasticity, but the hardening is made dependent on 
the hydrogen concentration, which is realized by a user supplied hardening routine in ABAQUS.  
Atomic hydrogen increases the mobility of dislocations [22], leading to a localisation of plastic deformations, 
which has been observed for high-strength aluminium alloys [23], pure nickel [23], pure iron [25], austenitic steels 
[26] and single-phase α-titanium [27]. This mechanism is described by the so-called HELP, hydrogen enhanced 
localised plasticity, approach [5, 6]. The discussion is still controversial, as some authors [28] report a hardening 
instead of a softening effect due to atomic hydrogen in stainless steels, which may be due to other effects of the 
experimental procedure, however. Following the observations of Tabata and Birnbaum [29], the softening effect of 
hydrogen is described according to Sofronis et al. [30] by 
( )(H) 0Y p Y p( , ) ( ) 1 1σ ε θ σ ε ξ θª º= − +¬ ¼
Hσ 0σ
, (11) 
where Y  is the uniaxial flow curve under the influence of hydrogen, Y  the flow curve in air, ( )1θ θ θ= +L T2  
the averaged occupancy and ξ < 1 an adjusting parameter, which can be determined by tensile tests on hydrogen 
charged specimens [12].   
2.4. The cohesive model 
Finally, the degrading effect of hydrogen resulting in ductile damage and crack extension has to be considered. 
Atomic hydrogen reduces interatomic bonding forces [8], and crack extension occurs, if the local cohesive strength 
is exceeded at a stress concentrator. This is the so-called HEDE, hydrogen enhanced decohesion, approach [7, 8]. It 
is applied here together with a cohesive zone model [31-33] in the framework of the finite element method. Along 
prospective crack paths, continuum elements obeying constitutive relations of elasto-plasticity are connected by 
cohesive elements as depicted in Fig. 1a, which simulate the local decohesion process by a particular relation 
between normal tractions, σn, at the element boundaries to normal separation, δn.  
(a)   (b)  
Fig. 1:  Cohesive zone model of crack extension: (a) Schematic of a cohesive element connecting two adjacent continuum elements in the initial 
and the deformed configuration, ξ, η local normal and tangential coordinates; (b) Traction-separation law according to eq. (12). 
Only normal separation and mode I crack growth are considered here. The phenomenological traction-separation 
law is characterised by a maximum stress, the cohesive strength, n , beyond which stresses decrease to zero at 
some critical separation, n , so that finally continuum elements are disconnected and the macroscopic crack has 
extended by one element length. Depending on the specific micromechanisms of damage and fracture, numerous 
functions have been presented for traction-separation laws in the literature. In the present investigation, the function 
proposed by Scheider and Brocks [34] 
cσ
cδ
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is applied, see Fig. 1b, and the cohesive elements are implemented into the finite element code ABAQUS as user 
elements.  
The HEDE approach postulates that the cohesive strength, , decreases with the lattice hydrogen concentration, 
CL. An empirical quadratic polynomial [32, 35]  
( )c(H) c(0) 2n L n 1 s 2 s( ) 1C a aσ σ θ θ= − +  (13) 
with adjusting parameters a1 > 0 and a2 > 0 is assumed, where 
( )
L
s
L sexp
C
C H RT
θ
Δ
=
+ −
cδ
 (14) 
describes the ratio between the lattice hydrogen concentration in the volume and at the separation planes [36], 
and ΔHs = 30 kJ/mol is the segregation enthalpy [37]. The critical separation, n , is taken as independent of the 
hydrogen concentration. Cohesive elements are implemented as user elements [34] in ABAQUS. 
3. Hydrogen induced crack extension in a C(T) specimen 
3.1. Tests and numerical model 
In order to validate the results of the model calculations, experiments were performed by Dietzel [38] on a high 
strength, low alloy structural steel FeE 690T (17 Mn Cr Mo 3 3 or 1.7279) with a yield strength in air of 
σY = 693 MPa. Fatigue pre-cracked C(T) specimens with a width W = 40 mm, thickness B = 19 mm and initial crack 
length to width ratios of a/W ≈ 0.55, Fig 2a, were stressed at constant load-line displacement rates between 1 μm h-1 
and 30 mm h-1 in a closed loop servo-electric test machine while they were electrolytically charged in situ with 
hydrogen by cathodic polarisation at –900 mV vs. Ag/AgCl electrode in ASTM D 1141 substitute ocean water, see 
Fig 2b. Reference tests were performed in air. Load, displacement and crack length, Δa, were measured and CTOD 
R-curves [39], δ5(Δa), generated.  
The tests performed under hydrogen charging conditions show a strong decrease of the crack growth resistance at 
low displacement rates in which sufficient time enables the hydrogen to enter the material from the environment and 
to accumulate near the crack tip. At the lowest rate hardly any R-curve behavior is observed due to the pronounced 
influence of hydrogen embrittlement on the cracking process. 
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(a)        (b)  
Fig. 2:  Investigation of hydrogen induced crack extension in a C(T) specimen: (a) Test specimen with FE mesh; (b) Experimental set-up . 
A 2D plane strain FE model of the specimen accounting for symmetry conditions with respect to the crack and 
the ligament is employed as shown in Fig. 3a. It consists of bilinear 4-node continuum elements, CPE4T, and linear 
cohesive elements arranged in the ligament along the symmetry line. The mesh is refined at the crack tip and in the 
ligament to a minimum element size of 62.5 ȝm. The loading is deformation controlled by applying a prescribed 
displacement, u(t), in the node corresponding to the loading point in the test. The hydrogen charging occurs at the 
actual crack tip and is modelled as a time-dependent Dirichlet boundary condition, Fig. 3b, according to the 
chemisorption model of Zhang and Zheng [15], eq. (1). The nodes 1 to 14 represent the location of the current crack 
tip. 
(a)   (b)  
Fig. 3:  FE model of C(T) specimen; (a) Mesh with boundary conditions and magnified crack-tip vicinity; (b) Hydrogen concentration, CL, 
applied at the moving crack tip in dependence on time; saturation value CL0 = 3.7 10-10 mol/mm3 
Three different deformation rates, , were examined under hydrogen charging. One simulation 
was run “on air” without the HISCC model in order to identify the cohesive parameters,  and n , by adjusting 
the numerically calculated CTOD R-curve, , to the respective test curve. The parameters of the HEDE 
model, a1, a2, in eq. (13) are determined by the simulation with slow loading, u , under hydrogen 
charging.  
-11, 10, 100 ȝm hu =
( )5 ǻaδ
c(0)
n
-1ȝm h
σ cδ
 1=
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Fig. 4:  CTOD R-curves for varying deformation rates, comparison of test (symbols) and simulation results (lines) [12, 13] 
Fig. 4, where the crack-tip opening displacement [39], δ5, has been evaluated and plotted in dependence on crack 
extension, Δa, finally demonstrates the capabilities of the model for predicting crack extension and the deformation-
rate dependence of R-curves. As the model parameters have been identified from the tests “on air” and at a 
deformation rate of 1 μm h-1, the two other curves at 10 μm h-1 and 100 μm h-1 represent real predictions. The 
comparison with the test data [33] substantiates that the present model captures the rate dependence of the R-curves 
due to the time dependent hydrogen diffusion quite well.  
Significant time saving is achieved by the simulations compared to testing, see Table 1. 
Table 1. Comparison of  expended time for generating R-curves 
 
deformation rate 
μm/h 
testing time 
d 
simulation time 
h 
100  1.5 5 
10  15 23 
1  150 43 
 
 
3.2. Analysis of coupling effects 
Coupling phenomena are particularly pronounced at the crack tip. Here, a high pressure gradient increases the 
solubility of hydrogen in the lattice due to lattice expansion, resulting in a hydrogen flux towards this region, which 
is represented by a respective term in the enhanced diffusion equation. On the other hand, plastic deformations at the 
crack tip generate traps for atomic hydrogen, thus immobilizing it and impeding free lattice diffusion. This trapping 
reduces the effective diffusion coefficient. The consequences of these interactions cannot easily be penetrated 
theoretically, but they can be analyzed numerically with a proper model, which is done in the following.  
The coupling between hydrogen diffusion and mechanical quantities is investigated first. Fig. 5a shows how the 
lattice hydrogen concentration, CL, is linked to the gradient of hydrostatic stresses, ∇σh, at a crack extension of 
Δa = 1 mm. The equilibrium concentration, CL0, and the peak value of the hydrostatic stress, σh0, are used as 
normalising values. The coordinate values x1 and x2 denote the positions of the initial and the actual crack tip, 
respectively. The first high peak of CL indicates the applied boundary condition at the current crack tip, x2, see 
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Fig. 3b and the second smaller one coincides with the steep increase of σh, i.e. a high gradient h xσ∂ ∂  occurring in 
some distance to the crack tip.  
(a)    (b)  
Fig. 5:  Coupling between chemical and mechanical quantities; (a) Lattice hydrogen concentration, CL, and hydrostatic stress, σh; (b) Trapped 
hydrogen concentration, CT, and equivalent plastic strain, εp, along  ligament coordinate, x; x1 = initial crack tip, x2 = current crack tip. 
Fig. 5b depicts the coupling between the concentration of trapped hydrogen, CT, and the equivalent plastic strain, 
εp. Appropriate scaling values, ε0, CT0, have been used for plotting both quantities in one diagram. Both curves look 
essentially the same. The two peaks indicate the strain values at the original and the current crack tip, x1 and x2, 
respectively. Note that hydrogen induced softening occurs according to eq. (11), which inversely affects plastic 
deformations, so that εp decreases behind the initial crack tip.  
The impact of hydrogen becomes also evident looking on the plastic zone at the crack tip in Fig 6, where 
isocontours of the equivalent plastic strain, εp, are plotted. The largest contour describes the plastic zone. Under the 
influence of hydrogen, Fig 6b, the plastic zone becomes smaller at the same crack extension, Δa, which indicates the 
effect of hydrogen embrittlement. 
(a)          (b)   
Fig. 6:  Hydrogen impact on plastic zone: isocontours of plastic strain, εp, near the crack tip at Δa = 1.5 mm, (a) On air; (b) Hydrogen affected. 
The effect of the surface kinetics model by Zhang and Zheng [15] and the extended diffusion equation of 
Sofronis and McMeeking  [16] and Krom et al. [21] can also easily be studied in the numerical simulations. Fig 7a 
shows a comparison of simulated R-curves obtained by assuming a constant equilibrium concentration, according to 
Sievert’s law at the crack tip with a transient charging according to eq. (1) and Fig. 3(b). The R-curves decrease for 
the two high deformation rates, 100 and 10 μm/h, if the saturation concentration is applied at the crack tip, and it 
increases slightly for the low one of 1 μm/h. The latter effect is due to the widespread dispersion of hydrogen in the 
specimen at slow deformation together with the HELP mechanism, which makes the global behavior more ductile. 
 
21 Wolfgang Brocks et al. /  Procedia IUTAM  3 ( 2012 )  11 – 24 
(a)      (b)  
Fig. 7:   (a) Effect of the surface kinetics model by Zhang and Zheng [15], eq. (1), on the R-curves; (b) Effect of the enhanced diffusion equation 
of Sofronis and McMeeking  [16] and Krom et al. [21], eq. (10), on the R-curves. 
 
The enhanced diffusion equation, eq. (10), introduces a coupling of diffusion with mechanical quantities together 
with the concept of trapped hydrogen, CT. The effect on the R-curves is displayed in Fig. 7b. It generally reduces the 
crack extension resistance compared to Fick’s diffusion law. 
Some quantitative effects of hydrogen are summarized in Table 2. The crack initiation time increases with 
decreasing deformation rate though not linearly, of course, as simultananeously the absorbed hydrogen increases, 
reducing the cohesive strength. According to the HEDE approach, eqs. (13) and (14), only the lattice hydrogen, CL, 
affects the cohesive strength, whereas the yield strength depends on both, the occupancy of lattice sites and of trap 
sites, (1 L )θ θ θ= + T2 , eq. (11). The trap site density is related to the plastic strains, εp, eq. (9), which are 
independent on the deformation rate. Due to a high bond enthalpy [40], the trap sites are virtually completely 
occupied, and this explains that the decrease of yield strength is not significantly rate dependent.    
Table 2. Effects of hydrogen on mechanical quantities [12] 
deformation rate 
 
μm/h 
crack initiation 
time  
h 
absorbed hydrogen 
 
mol/cm3 
decrease of yield 
strength 
% 
decrease of 
cohesive strength 
% 
100  6 1.75 10-10 8 ≈ 0 
10  50 2.48 10-7 8 4 
1  385 3.74 10-7 8 36 
 
Finally, the two approaches quantifying hydrogen impact on cohesive strength and yield strength, which are 
discussed controversially in the literature, namely HEDE [7. 8] and HELP [5. 6], are investigated with respect to 
their impact on crack extension resistance. 
Fig 8a shows the results of the HEDE approach, i.e. a reduction of the cohesive strength due to hydrogen 
according to eq. (13). The simulated R-curve coincides with the experimental one at the low deformation rate, but at 
the two other rates, 10 and 100 μm/h, the simulations underestimate the experimentally measured crack extension 
resistance significantly. The predicted specimen behavior is much too brittle at high deformation rates. The opposite 
phenomenon is observed for the HELP approach, i.e. a reduction of the yield strength due to hydrogen according to 
eq. (11), see Fig. 8b. The simulated R-curve coincides with the experimental one at the high deformation rate, but at 
the two lower rates, 10 and 1 μm/h, the simulations overestimate the experimentally measured crack extension 
resistance significantly. The predicted specimen behavior is much too ductile at slow deformation rates. Thus it 
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appears, that both effects have to be included into the model in order to predict the crack extension resistance in 
dependence on the deformation rate correctly. 
(a)      (b)  
Fig. 8:  Models of hydrogen effect on R-curves:  (a) HEDE approach [7, 8]; HEDE approach [5, 6]. 
 
4. Conclusions 
The HISCC model presented above allows for analyzing the interactions between hydrogen concentration and 
mechanical quantities and their consequences. This appears as fundamental advantage of numerical simulations 
compared to testing, where the various influences cannot be separated. Some of the coupling effects between 
hydrogen concentration and mechanical quantities have been analyzed, but a number of others still remain to be 
investigated together with mor rimental studies.  
The proposed model accounts for trapping of hydrogen at material defects. Different from approaches 
ounts for transient phenomena 
s prevents hydrogen ingress 
into the material. This occurs for all combinations of material and environment in which surface layers are formed 
and can decrease the effective diffusion coefficient significantly. The transient character of the process, which is 
chemisorption model, manifests in the dependence of the initiation value of crack-tip opening 
 deformation rates. This would not be observed assuming a homogeneous hydrogen distribution.  
e expe
considering pre-charged specimens with a homogeneous hydrogen distribution it acc
and surface processes. A boundary layer consisting of passivation or corrosion product
captured by the 
displacement on the
The proposed model treats the interaction of two well-established degradation mechanisms, i.e., HELP and 
HEDE. According to the HELP mechanism the local yield strength is reduced by the hydrogen concentration in 
lattice sites as well as in trap sites leading to larger plastic deformation at lower stress levels. This effect is 
apparently in direct contrast to the experimental observations of brittle fracture in steels caused by hydrogen uptake. 
Simply applying the HELP mechanism can obviously not describe typical phenomena of material degradation by 
hydrogen, because the decrease in the yield strength leads to a more ductile behavior of the material. Therefore, the 
HEDE approach assuming a reduction of atomic bonding forces due to the presence of hydrogen appears to be more 
appropriate but does not reproduce the deformation rate dependence of R-curves correctly, either. Only the 
interaction of the two mechanisms results in remarkably good predictions of experimentally measured R-curves. A 
final and general conclusion would require more detailed sensitivity and uniqueness analyses with respect to the 
parameter identification and will most likely also depend on the investigated materials. 
In order to determine the numerous parameters of the model, a number of tests have to be performed. The 
chemisorption properties namely the absorption and desorption rate, ka, kd, and the diffusion coefficient, Ds, in the 
boundary layer as well as the lattice diffusivity, DL, can be identified from permeation tests. The respective tests can 
also provide the dependence of the trap density on plastic strain, εp. The effect of hydrogen on the yield strength, 
which is required for the HELP model can be determined by tensile tests on hydrogen charged specimens. R-curves 
measured on fracture mechanics specimens in air and under hydrogen exposure are finally used to adjust the 
23 Wolfgang Brocks et al. /  Procedia IUTAM  3 ( 2012 )  11 – 24 
d at a realistic displacement 
rat
s are
n are not considered. Experimental observations show that this influence exists, because hydrogen can 
ch
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[4] Gangloff, RP. Hydrogen assisted cracking of high strength alloys. In: Milne I, Ritchie RO, Karihaloo B, editors. Comprehensive 
Str
m HK; Sofronis, P. Hydrogen-enhanced localized plasticity - a mechanism for hydrogen related fracture. Mater. Sci. Eng A 1994; 
176: 191-202. 
[6] Sofronis P; Birnbaum HK. Mechanics of the hydrogen-dislocation-impurity {interactions--I}. Increasing shear modulus. J. Mech. Phys. 
9-90. 
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mperature 
ver
cohesive parameters, c cn n,σ δ and their dependence on the lattice hydrogen concentration according to the HEDE 
model.  
The 2D FE simulations presented here can, to some extent, predict HISCC induced crack propagation and thus 
help to avoid extensive laboratory testing. Preparatory stress corrosion cracking and permeation tests remain 
necessary in order to determine the input for the simulation, but subsequent investigations can then be based on 
simulations as some kind of “virtual testing”. While a fracture mechanics test performe
e in a corrosive environment may take up to 150 days, a comparable 2D simulation takes about 40 hours and 
hence is up to 90 times faster than the respective experiment.  
The advantage of time and cost reduction offered by the present phenomenological model is augmented by its 
transferability to other materials and other damage mechanisms just by identifying the required parameters. By 
modification of the respective user subroutines the damage mechanisms can be adopted to other stress corrosion 
cracking systems of materials and environments, as well.  
Since the simulation  only two-dimensional, thickness effects of hydrogen diffusion and damage in the third 
dimensio
ange the shape of the crack front compared to tests in air.  
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